Reproductive traits are crucial for the establishment and maintenance of populations in new areas, and therefore for the invasion process. This work aimed to study the reproductive biology of four aggressive invasive Australian Acacia spp. in Portugal. Fruit and seed set, seed weight and germinability, and seedling growth were assessed for self-and outcross treatments in invasive populations of A. dealbata, A. longifolia, A. melanoxylon and A. saligna. Acacia spp. showed different investments in the production of reproductive units and in natural reproductive success, with A. dealbata, the most aggressive species, having the highest investment and reproductive success. Acacia melanoxylon showed a different reproductive strategy, andromonoecy, contrasting with the other hermaphroditic species. Acacia spp. were shown to be predominantly self-incompatible, but a low level of spontaneous selfing enabled the production of viable offspring. Acacia dealbata and A. longifolia suffered pollen limitation. Self-progeny had lower viability than progeny from outcrossing for A. dealbata and A. melanoxylon. Acacia spp. did not show higher compatibility rates in comparison with the native area. They had low fruit set but, as a result of their massive flower production, their realized reproductive success was high and could have contributed to the invasion.
INTRODUCTION
Species traits, notably reproductive traits, are crucial for the establishment and maintenance of populations in new areas (Barrett, Colautti & Eckert, 2008; Suetsugu et al., 2012; Bezeng et al., 2013, and references therein) , and therefore for the invasion process itself (Thuiller et al., 2006; Pyšek & Richardson, 2007) . In entomophilous plants, self-incompatible species depend entirely on pollinator services and the availability of mating partners to reproduce sexually, whereas self-compatible species have the ability to self-pollinate (autonomously or not) and ensure seed production when there are poor pollination services and/or limited mate availability (Eckert, Samis & Dart, 2006) . The capacity to produce seeds after selffertilization, even at a low rate, is especially important in the early stages of naturalization and invasion, because it reduces the need for pollinators and compatible plants (Baker's law; Baker, 1955; Davis et al., 2004) . Indeed, numerous invasive plants have been described as self-compatible in the introduced ranges (Rambuda & Johnson, 2004; van Kleunen & Johnson, 2007; Stout, 2007; Rodger, van Kleunen & Johnson, 2010; Hao et al., 2011) , and this has been proposed as an advantage for successful invasion (Williamson & Fitter, 1996; Pannel & Barret, 1998) . In addition, plant species that are pollinator generalists may have an advantage in the introduced ranges compared with specialist species, because they can be pollinated by a wide variety of floral visitors (mutualist facilitation hypothesis; Richardson et al., 2000) . Although this hypothesis has been corroborated in several invasive plants (e.g. Solanum mau-ritianum Scop., Psidium guajava L., Acacia mearnsii De Wild, A. paradoxa DC.; Rambuda & Johnson, 2004; Gibson et al., 2011) , some exotic plant species only become invaders when mutualists from the original range are introduced (Simberloff & Von Holle, 1999) .
The cosmopolitan genus Acacia Mill. s.l. (Fabaceae, Mimosoideae) includes more than 1350 bush and tree species, 1012 of which are native to Australia (Maslin, Miller & Seigler, 2003) . Acacia s.l. has been shown to be polyphyletic, and the name now applies to the Australasian species; African, Asian and New World species have been transferred to other genera (Kyalangalilwa et al., 2013, and references therein) . In the last 250 years, numerous species (mainly from Australia) have been introduced into new places throughout the world, particularly in areas with a Mediterranean climate and nutrient-poor ecosystems (Stock, Wienand & Baker, 1995) . The large number of introductions of Australian Acacia spp. worldwide, together with the ecological impacts in the recipient ecosystems, has posed this group as a model system in invasion ecology (Richardson & Rejmánek, 2011) . Invasive Acacia spp. change species richness, community structure, nutrient cycling, ecosystem productivity, mutualistic interactions, fire regimes and water availability (e.g. Levine et al., 2003; Marchante, Marchante & Freitas, 2003; Marchante et al., 2008; Lorenzo et al., 2010; Rodríguez-Echeverría, 2010; Rascher et al., 2011) . Among the factors explaining their invasiveness are repeated introductions, high propagule pressure and a rapid growth rate, especially in poor soils, because of the establishment of nitrogen-fixing symbiosis (Rodríguez-Echeverría et al., 2009 Castro-Díez et al., 2011; Gallagher et al., 2011) . Moreover, Acacia spp. have several reproductive traits that may also contribute to their invasiveness, such as massive, attractive and longlasting floral displays, generalist pollination syndrome, ability to self-pollinate and/or to reproduce vegetatively, and the production of a large amount of long-lived and highly viable seeds (Milton & Hall, 1981; Gibson et al., 2011) . However, the characterization of their breeding systems and the possible shifts in reproductive characteristics between the native and invaded ranges have been largely neglected for most species (but see Gibson et al., 2011) .
Four Australian Acacia spp. [members of Acacia subgenus Phyllodineae (DC.) Ser. = Acacia s.s.] have been considered to be the most problematical and widespread invasive plant species in Portugal, based on the area occupied and the aggressiveness and impact on the native ecosystems: A. dealbata Link, A. longifolia (Andrews) Willd., A. saligna (Labill.) H. Wendl. and A. melanoxylon R.Br. (Almeida & Freitas, 2006) . In the native range, these species are mostly self-incompatible and thus are mostly outcrossers (Gibson et al., 2011) ; however, there is no available information on any aspect of their reproductive biology in the invaded ranges. In this sense, the main objective of this study was to characterize the floral traits, breeding system and natural reproductive outcome in populations of these four Acacia spp. in Portugal to assess whether invasive populations have experienced any shift in their reproductive systems for reproductive assurance, and to estimate the role of reproductive traits in the invasion. It can be hypothesized that greater levels of self-compatibility may allow a better sexual reproductive performance in the invaded area compared with the native range. In addition, as Australian Acacia spp. are pollinated by generalist insects in the native ranges, it is likely that these species have readily established new plantpollinator interactions in the invaded ranges and thus do not suffer from pollen limitation. To assess this, the reproductive units of each species were characterized and hand pollination experiments were carried out to assess the levels of compatibility and pollen limitation in invasive plants from Portugal. Seed mass and germination rates, and seedling growth, were also studied to assess any differences between self-and outcrossing progeny.
MATERIAL AND METHODS

PLANT SPECIES
Acacia dealbata and A. longifolia are native to southeastern Australia (Maslin, 2001; Orchard & Wilson, 2001) , A. saligna is native to south-western Australia (Midgely & Turnbull, 2003) and A. melanoxylon is native to eastern Australia (Costermans, 1981) . These species were introduced into Portugal during the 19th and 20th centuries for forestry, soil stabilization and gardening (Castroviejo et al., 1999; Breton et al., 2008) , becoming aggressive invaders (Almeida & Freitas, 2006 and so all selected trees were examined to ensure that they were independent. These plants were used to characterize the reproductive structures and the reproductive system of the studied Acacia spp. (see below).
FLORAL CHARACTERIZATION
To avoid confusion concerning the complexity of the inflorescences of Acacia spp., the terminology for floral structures used in this study was as follows: 'flower head' refers to the globose or elongate (spicate) clusters of individual flowers, appearing in groups in the phyllode or leaf axile; 'flowering branch' refers to the apex of the branch with all the flower heads (Orchard & Wilson, 2001) .
To characterize the reproductive units, 20 flower heads with open flowers from different flowering branches were collected from each plant and stored in 70% ethanol. The number of anthers produced per flower was assessed in ten flowers from distinct flower heads per plant using a dissecting microscope. The number of polyads per anther and the number of pollen grains per polyad were assessed in ten closed anthers per plant, each from a distinct flower head, using a binocular microscope. The number of ovules per ovary was assessed in ≤ 20 mature pistils randomly selected from ten flower heads for each plant. For this, flowers were dissected under a binocular microscope, pistils were removed and placed in 8 M sodium hydroxide for 48 h for tissue softening, washed in distilled water and subsequently transferred to 0.05% aniline blue in 0.1 M potassium phosphate for 48 h (Dafni, Kevan & Husband, 2005) . The pistils were then placed in a drop of 50% glycerine on a microscope slide and squashed with a coverslip. The number of ovules per ovary was counted using a Leica epifluorescent microscope with a UV-2A filter cube (excitation at 330-380 nm).
To study the occurrence of andromonoecy (i.e. individual plants bearing both male and hermaphrodite flowers), the total number of flowers per flower head and the number of hermaphrodite and male flowers were counted in five flower heads per plant using a dissecting microscope. In A. dealbata, A. longifolia and A. saligna, hermaphrodite and male flowers were easily identified by the presence or absence of a well-developed pistil. In A. melanoxylon, a third type of flower having rudimentary pistils was observed and the number of ovules was counted in ≤ 30 flowers of this type per plant (as described above). Flowers were classified as hermaphrodite when they had at least one ovule, and as male when the ovary was empty. The percentages of hermaphrodite flowers with small pistils and male flowers with rudimentary pistils were calculated for each tree. Because the number of ovules differed between hermaphrodite flowers with normal pistils and hermaphrodite flowers with small pistils, the percentage of each category was used to correct the total number of ovules per flower head in this species.
Floral display and natural reproductive success
To characterize floral display, the number of flower heads per plant and species was estimated by multiplying the total number of flowering branches by the mean number of flower heads per branch. For this, the number of flower heads per flowering branch was counted for five flowering branches randomly chosen from each tree, and the number of flowering branches was estimated for each tree by counting all flowering branches in one-quarter of the canopy.
For each species, the reproductive success was calculated for each tree by multiplying the mean number of hermaphrodite flowers per head, the estimated number of flower heads produced per tree and the fruit set after open pollination (see details below).
REPRODUCTIVE SYSTEM
The effect of insect exclusion and pollen source on fruit and seed production and offspring performance was investigated following the experiments detailed below.
Hand pollination experiments
As a result of the small size and tight disposition of the flowers in the flower heads, emasculation was not feasible. The following treatments were applied to the trees selected:
(1) open pollination, ≤ 130 flower heads per plant were marked as controls without manipulation; (2) supplementary pollination, ≤ 140 flower heads per plant were left for open pollination and also pollinated with xenogamous pollen from at least five unrelated trees; (3) spontaneous autogamy, ≤ 110 flower heads per plant were bagged and left without manipulation; and (4) self-pollination, ≤ 85 flower heads per plant were bagged and pollinated with pollen collected from bagged flower heads of the same plant. In the last two treatments, the flower heads were covered with bags of fine nylon mesh prior to anthesis to exclude insect interactions and to avoid open pollination; the bags were maintained until fruit initiation. Flower heads were followed daily and pollinations were initiated when the first flowers opened. Pollinations were conducted by gently rubbing the flower heads together every 2 days until all flowers were senescent. At the end of the season, mature pods were collected and the number of pods per flower head and seeds per pod were counted.
Fruit set and seed to ovule ratio were calculated for each species and pollination treatment. Fruit set was calculated by dividing the total number of pods produced after a given pollination treatment by the total number of treated hermaphrodite flowers. The seed to ovule ratio was calculated by dividing the total number of seeds produced after a given pollination treatment by the total number of ovules available in the treated hermaphroditic flowers.
Self-incompatibility and pollen limitation indices
The index of self-incompatibility (ISI) was calculated by dividing the fruit set after self-pollination by the fruit set after cross-pollination (Zapata & Arroyo, 1978) . The fruit set data from the supplementary pollination treatment were used as an estimate of cross-pollination. We considered the following criteria: self-compatible species, ISI > 1.0; partially self-compatible species, ISI = 0.2-1.0; completely selfincompatible species, ISI < 0.2 (Kenrick & Knox, 1989b) .
The percentage of pollen limitation (PPL) was calculated as follows: PPL = [100 × (seed to ovule ratio after supplementary pollination − seed to ovule ratio after open pollination)]/seed to ovule ratio after supplementary pollination (Jules & Rathcke, 1999) .
Offspring performance
To assess whether plants suffer from inbreeding constraints, seed weight, seed germination and seedling growth were assessed for the seeds obtained in the hand pollination experiment. In the germination assay, ≤ 15 seeds for each treatment and species were placed in 15 × 15-cm 2 pots filled with wet sand in a growth chamber (at 25°C and a photoperiod of 12 h). Seed germination was checked every other day for 45 days. Seeds were considered to be germinated after radicle emergence (length, 1-2 mm) and germination percentages were calculated for each treatment and species. Seedlings were collected 1 month later, dried at 50°C for 48 h and weighed. Mean seedling weight was calculated for each species and treatment.
STATISTICAL ANALYSIS
Differences among species (fixed factor) in floral characters (number of flowers per flower head, percentage of hermaphrodite flowers per flower head, number of anthers per flower, number of ovules per flower) were assessed using generalized linear mixed models (GLMMs). GLMMs allow for model variables that do not satisfy the assumptions of a standard linear modelling and the incorporation of random factors in the model. Comparisons between the number of ovules of hermaphrodite flowers with normal pistils and hermaphrodite flowers with rudimentary pistils in A. melanoxylon and differences in floral display (number of flower heads per flowering branch) were also evaluated using the same approach. All variables were modelled using a Poisson error distribution and a log link function, except for the percentage of hermaphrodite flowers, which was analysed considering a binomial distribution and a logit link function. Tree was used as a random factor in all analyses. Differences in the estimated number of branches per plant and the estimated reproductive success of trees among Acacia spp. were evaluated using a generalized linear model (GLM) assuming a Poisson distribution with a log link function.
Differences among pollination treatments (fixed factor) in fruit set and seed to ovule ratio were assessed for each species using GLMMs with a binomial distribution and a logit link function. Finally, to look for possible inbreeding effects in the offspring performance, the variables seed weight, seed germination and seedling growth were compared among pollination treatments (fixed factor) for each Acacia sp. using a GLMM. A binomial distribution with a logit link function was used for seed germination, and a GLMM with a Gaussian distribution with an identity link function for the other two variables. Tree was used as a random factor in all analyses.
Differences between least-square means were tested pairwise through multiple comparisons in all cases. All statistical analyses were carried out in SAS version 9.2 (SAS Institute Inc., Cary, NC, USA) using the Glimmix procedure for GLMMs and the Genmod procedure for GLMs.
RESULTS
FLOWER CHARACTERIZATION
The numbers of pollen grains per polyad (16 pollen grains) and polyads per anther (eight polyads) were constant in all species (Supporting Information, Table S1 ). The number of stamens and ovules per REPRODUCTIVE BIOLOGY OF INVASIVE ACACIAS 577 flower differed significantly among species (F3,386 = 1154.74, P < 0.0001 and F3,498 = 19.81, P < 0.0001, respectively). Acacia longifolia had the most stamens per flower and A. dealbata the least. Acacia saligna had significantly fewer ovules per flower than the other species (Table S1 ).
The number of flowers per flower head varied significantly between the four species (F 3,110 = 97,24, P < 0.0001; Table S1 ). Acacia saligna and A. longifolia had more flowers per flower head (50 and 49, respectively), followed by A. melanoxylon (42 flowers per flower head) and A. dealbata (27 flowers per flower head). Significant differences were found between species for the percentage of hermaphrodite flowers per flower head (F 3,109 = 14.36, P < 0.0001; Fig. 1A) . Acacia dealbata, A. saligna and A. longifolia flower heads were mostly composed of hermaphrodite flowers (95-98%), whereas A. melanoxylon flower heads had only 31% of hermaphrodite flowers per flower head with the remaining being functionally male ( Fig. 1; Table S1 ). As a result of differences in the sexuality and number of flowers per flower head, differences among species were observed for the number of polyads, anthers and ovules per flower head (Table S1 ). In addition, there was a high intraspecific variability in flower characters in the four species (data not shown).
In A. melanoxylon, a third type of inter-medium flower having rudimentary pistils was also found, most being functionally male (64.4% of flowers per head), but some being functionally hermaphrodite with pistils bearing some ovules (17.9% of flowers per (Table S1 ).
Significant differences between species were also found for the estimated reproductive success (χ 2 = 22.52, d.f. = 3, P < 0.0001; Fig. 2 ). Acacia dealbata had significantly higher reproductive success than the other species (Fig. 2) . However, there was a high intraspecific variability in the reproductive success for the four species, with individual trees behaving differently (Fig. 2) , a result that agrees with the observations made in the field. REPRODUCTIVE SYSTEM Significant differences were found in fruit set between pollination treatments in all the species studied (Fig. 3A) . The supplementary pollination treatment had a significantly higher fruit set in A. dealbata (F3,42 = 18.43, P < 0.0001), A. longifolia (F3,33 = 59.10, P < 0.0001) and A. saligna (F3,33 = 23.56, P < 0.001). For A. melanoxylon, differences were found between cross-pollination and self-pollination treatments (F3,44 = 93.41, P < 0.0001) (Fig. 3A) . Overall, open pollination and supplementary pollination treatments resulted in higher fruit set than spontaneous selfing and self-pollination for all species; no differences were found between spontaneous selfing and selfpollination (Fig. 3A) . Statistically significant differences were also observed in the seed to ovule ratio between pollination treatments for all species (A. dealbata: F 3,37 = 137.27, P < 0.0001; A. longifolia: F3,26 = 305.75, P < 0.0001; A. melanoxylon: F3,43 = 277.21, P < 0.0001; A. saligna: F3,37 = 79.17, P < 0.0001). The supplementary pollination treatment had a significantly higher seed to ovule ratio in A. dealbata, A. longifolia and A. saligna (Fig. 3B ). Differences were also found between selfpollination treatments for all species except A. longifolia (Fig. 3B) . As for fruit set, open pollination and supplementary pollination treatments had higher seed to ovule ratios than spontaneous selfing and selfpollination for all species (Fig. 3B) .
The (Fig. 4) . In addition to the differences among species, a great variability in ISI values among individual trees of each species was observed, with individual trees of A. dealbata, A. melanoxylon and A. saligna ranging from selfincompatible to fully compatible (Fig. 4) . However, the species studied tended to be predominantly selfincompatible. Acacia dealbata and A. longifolia had high PPL (43.3% and 39.3%, respectively), and A. melanoxylon and A. saligna had lower values (4.1% and 4.4%, respectively).
OFFSPRING PERFORMANCE
Seeds produced in the open and supplementary pollination treatments were significantly heavier than those produced in the spontaneous autogamy and self-pollination treatments for A. dealbata (F3,426 = 3.88, P < 0.01) and A. melanoxylon (F3,542 = 19.84, P < 0.001) (Fig. 5A) . For A. saligna, significant differences in seed weight were observed only after supplementary pollination treatments (F3,551 = 10.22, P < 0.001); for A. longifolia, no differences were found (F2,664 = 1.94, P = 0.15).
Similar to seed weight, significant differences were found in seed germination between open and supplementary pollination and between spontaneous autogamy and self-pollination in A. dealbata (F3,405 = 8.93, P < 0.001) and A. melanoxylon (F3,489 = 3.49, P < 0.05) (Fig. 5B) . In A. longifolia, seed germination revealed a complex pattern, with unexpected values for open pollination and self-pollination considering the pattern observed in the other species (F3,528 = 3.32, P = 0.02; Fig. 5B ). No differences were found in seed germination among treatments for A. saligna (F3,420 = 1.04, P = 0.3758; Fig. 5B ).
Significant differences in weight of 1-month-old seedlings between treatments were found for A. longifolia (F3,160 = 4.61, P = 0.004), with seedlings from the open and supplementary pollination treatments being (Millar et al., 2008) and A. dealbata (Gibson, 2012) in Australia are presented as black triangles. heavier than those from the self-pollination treatments, and for A. dealbata (F3,294 = 5.15, P = 0.002), with only the mediated self-pollination treatment producing significantly lighter seedlings than the others. No significant differences between treatments were found for A. melanoxylon and A. saligna (F3,132 = 1.06, P = 0.37 and F3,116 = 0.44, P = 0.72, respectively).
DISCUSSION
Most Australian acacias are characterized by massive flower displays (Bernhardt, 1989; Costermans, 2007) , including the four studied species. Despite having similar functional units of pollination (flower heads), differences were observed in several floral traits that varied substantially within and among the studied Acacia spp. Acacia dealbata had the most flower heads per flowering branch and per tree, representing a huge investment in overall flower production, despite having flower heads with fewer flowers than the other species. The density of flowers and flower heads varies enormously in Acacia (e.g. Tybirk, 1989 Tybirk, , 1993 Sedgley et al., 1992; Kenrick, 2003) , and the presentation of the reproductive units has been suggested to influence pollinator behaviour significantly (Stone et al., 2003) . Higher flower head densities increase pollinator visitation rates (Augspurger, 1980; Geber, 1985; Klinkhamer, De Jong & De Bruyn, 1989; Klinkhamer & De Jong, 1990; Stout, 2000) , and the robustness of the flower head determines the capacity to support the weight of the visitor (Stone et al., 2003) . If denser displays attract more pollinators as suggested, this trait is most probably linked with the higher natural reproductive success observed in A. dealbata, significantly contributing to its status as the most invasive of the four species studied. In comparison, the less widespread species in Portugal, A. melanoxylon and A. saligna, showed significantly lower investment in flower head production (despite the higher number of flowers per flower head) and lower natural reproductive success (c. 10% of A. dealbata). Acacia longifolia produces robust spicate flower heads with the most anthers per flower. The anthers are powerful visual and olfactory advertisers and thus are also linked with pollinator attraction and the amount of rewards offered (pollen; Stone et al., 2003) . This feature can thus increase visitation rates and may be involved in the higher reproductive success of this species in comparison with A. melanoxylon and A. saligna. Overall, two different strategies seem clear: A. dealbata invests in a huge production of smaller units, and the other species invest in large flower heads with more flowers and anthers, but lower flower head densities.
As observed in other species (Bernhardt, Kenrick & Knox, 1984; Knox et al., 1985; Bernhardt, 1989) , the exclusion of pollinators (bagging treatment) revealed that these Acacia spp. have low ability to selfpollinate spontaneously. Thus, pollination vectors are necessary to increase the reproductive success of these species significantly. Considering the generalized structure of the flower heads with readily accessible rewards (mostly as pollen; Stone et al., 2003) , Australian Acacia spp. are pollinated by a wide variety of generalist insects, frequently locally native bees, in both the native (Vanstone & Paton, 1988; Bernhardt, 1989; Stone et al., 2003; Prescott, 2005) and invaded (Portugal: Silva, 2012; M. Correira, pers. observ.) ranges. Apis mellifera, the honeybee, is a pollinator of these Acacia spp. in both the native and introduced ranges (Bernhardt, 1989; M. Correira, pers. observ.) . With this scenario, it is expected that native fauna provide sufficient pollination services and Acacia spp. do not suffer from a lack of pollinators in the areas in which they have been introduced. However, contrary to this expectation, supplementary pollination significantly increased fruit production in all species, except for A. melanoxylon, and the seed to ovule ratio in A. dealbata and A. longifolia. Consequently, the last two species were revealed to be pollen limited. Pollen limitation occurs when pollen quantity or quality is low or when plants compete for pollination services (Johnston, 1991; Groom, 1998; Totland et al., 1998) . The early flowering of A. dealbata and A. longifolia might limit the number and diversity of insects available for pollination, thus explaining the results obtained. As A. melanoxylon and A. saligna flowering starts later, pollination services might not be limiting, as insect activity increases as the season progresses.
However, even after supplementary pollination, low values of fruit set and seed to ovule ratio were found in the studied species. On the one hand, low fruit production is common in mimosoid legumes, including Acacia spp., with < 1% of flowers resulting in fruits (Baker et al., 1983; Tybirk, 1993; Kenrick, 2003) . This is most probably a result of resource limitation and resource allocation patterns (Lloyd, 1980; Bawa & Webb, 1984; Sutherland & Delph, 1984; Sutherland, 1987) . On the other hand, despite full seed set being rare (Tybirk, 1993) , high seed to ovule ratios are expected in Acacia as a consequence of the polyad being potentially capable of fertilizing all the ovules in the ovary in just one successful pollination event (Knox & Kenrick, 1983; Bernhardt, 1989) . Indeed, all the studied species have 16 pollen grains per polyad and a mean of 13 ovules per flower (ten for A. saligna), but the fecundity of all ovules in a flower is rare (e.g. A. saligna and A. dealbata mostly had only one seed per pod). This low seed to ovule ratio is probably caused by low pollen viability and/or resource limitation with sub-REPRODUCTIVE BIOLOGY OF INVASIVE ACACIAS 583 sequent seed abortion during the maturation of the pod. Some studies have shown a basipetal abortion pattern (higher abortion rates in the basal part of the ovary) as a result of competition between pollen tubes, in which the faster ones, and potentially superior genotypes, fertilize the nearest ovules (Tybirk, 1993) . However, further studies are needed to confirm this theory considering that the pollen grains of the polyad are genetically fairly homogeneous (Tybirk, 1993 (Tybirk, , 1997 .
In Acacia, the opportunity for selfing is still high as a result of massive flowering (Bernhardt, 1989; Costermans, 2007) and movements of pollinators within flower heads that are tightly arranged on the flowering branches. Thus, considering that the studied species are predominantly self-incompatible (see below), geitonogamous pollination might be an unavoidable cost of having a large floral display to attract pollinators (Klinkhamer & De Jong, 1993) and, consequently, might be related to the low values of fruit and seed set observed. The prior or simultaneous deposition of self-, incompatible or related pollen by pollinators may interfere with the ability of plants to use available cross-pollen, resulting in reduced fruit and seed set. Self-pollen grains may cause clogging or blocking of stigmatic surfaces, preventing cross-pollen from adhering and germinating (especially considering the small size of stigmatic papillae in Acacia; Kenrick & Knox, 1981 , 1982 Knox et al., 1989; Moncur, Moran & Grant, 1991) or reducing cross-pollen tube development (Ramsey & Vaughton, 2000; Quesada-Aguilar, Kalisz & Ashman, 2008) . However, the massive production of flowers by these Acacia spp. seems to counterbalance the low fruit set, as a huge seed crop is produced in the invaded range and could be another factor involved in successful invasion (Kenrick, 2003) .
Acacia spp. can have hermaphrodite and/or male flowers (Kenrick, 2003; George, Byrne & Yan, 2009) . Hermaphroditism is the most common condition in the genus, and andromonoecy appears to be rarer, although it has been described for several species (Zapata & Arroyo, 1978; Bernhardt et al., 1984; Bullock, 1985; Peralta, Rodríguez & Arroyo, 1992; Raju, Rao & Jonathan, 2006) . Among the studied species, A. dealbata, A. longifolia and A. saligna were mostly hermaphrodite (> 95% of the flowers of a flower head were hermaphrodite), whereas A. melanoxylon was clearly andromonoecious (with 31% of hermaphrodite flowers per flower head). Moreover, in A. melanoxylon, a gradient of different flower types was observed, from complete hermaphrodite flowers to male flowers lacking pistils and intermediate flowers with pistils in different abortion stages. Transitions between perfect flowers and male flowers, as observed in A. melanoxylon, have also been observed in other species (Sedgley et al., 1992) . In these cases, the number of male flowers seems to be highly variable and appears to be a response to environmental conditions and resource availability during floral development (Moncur et al., 1991; Aronson, 1992; Beavon & Chapman, 2011) . Under this scenario, andromonoecy probably evolved as a result of resource limitation for the development of all potential fruits in a single flower head composed entirely of hermaphrodite flowers. It is cheaper to produce male flowers than hermaphrodite ones, and the resource investment in functionally male flowers improves male fitness by increasing pollen donation, and allows resources to be saved that can be reallocated to the female fitness of hermaphrodite flowers (Miller & Diggle, 2007; Vallejo-Marín & Rausher, 2007; Quesada-Aguilar et al., 2008) . Acacia melanoxylon had a higher fruit set than the other species (both after pollen supplementation and under natural conditions), supporting this hypothesis, and suggesting that this species could be reallocating resources to other traits related to pollinator attraction and pollen dispersal.
In their native range, Australian Acacia spp. range from highly self-incompatible to completely self-compatible (Moffett, 1956; Bernhardt et al., 1984; Kenrick & Knox, 1989a; Morgan, Carthew & Sedgley, 2002) . In both native and invaded ranges, the four Acacia spp. studied here have some levels of self-compatibility, producing viable pods and seeds in self-pollination treatments, despite being predominantly outcrossers (results herein and reviewed in Gibson et al., 2011) . Thus, contrary to our expectations, to date, there is no evidence of selection for self-compatibility in the invaded areas. Although increased self-compatibility capacity could increase the likelihood of a species becoming invasive, it is not essential for invasiveness, as other factors are also involved (Gibson et al., 2011) . In addition, even in poor selfers, some level of self-fertilization could ameliorate pollination and mate limitation, two reproductive barriers that may occur in the initial steps of naturalization and invasion as a result of small size or low density of populations (Baker, 1955; Davis et al., 2004) . Beyond the variability among species, huge variation is found within species, with incompatible trees, partially compatible trees and complete compatible trees growing within the same population. This intraspecific variation in self-compatibility rates, common in Australian Acacia spp. (Philp & Sherry, 1946; Moffett & Nixon, 1974; Butcher, Glaubitz & Moran, 1999) , might result in complex patterns of the relative contribution of individual trees to the invasive populations, and can have major implications for the invasion process itself.
Offspring of cross-pollination (open and supplementary pollination treatments) were more successful in all the stages studied (seed weight and germination, and seedling growth) than offspring after selfing in A. dealbata and A. melanoxylon, similar to that observed in other Australian Acacia spp. (Moffett & Nixon, 1974; Harwood et al., 2004) ; for the other two species, no pattern was observed. Several studies have shown that the high seed viability and germinability of Acacia spp. are important factors in their invasive potential (Richardson & Kluge, 2008; Marchante, Freitas & Hoffmann, 2010) . Thus, crosspollination might favour invasion. Self-fertilization, as a manifestation of inbreeding, results in depression of growth in the self-progeny (Charlesworth & Charlesworth, 1987; Keller & Waller, 2002; Wallace, 2003; Harwood et al., 2004) . A decrease in fertility and vigour was expected in the seeds produced after selfing because self-fertilization can lead to the presence of numerous deleterious alleles and morphological characteristics (Moffett & Nixon, 1974; Harwood et al., 2004) . Although these differences could erode the benefits of selfing as reproductive assurance (Herlihy & Eckert, 2002) , self-progeny still had some viability, and thus may be an option for the establishment of Acacia populations in the introduced ranges, although not as successful as outcrossing progeny.
In conclusion, the studied Australian Acacia spp. maintained the same levels of self-incompatibility in the invaded area as in the native area. Although the selected Australian Acacia spp. were clearly outcrossers, in the absence of compatible partners or pollen vectors, self-fertilization ability may also contribute to reproductive success and, consequently, to the establishment and spread in the invaded area. It is also noteworthy that a high intraspecific variability was found in all studied reproductive features, which might result in different relative contributions of individual trees to the invasive populations, and could have major implications for the invasion process. The dissimilar invasive potential of the studied Australian Acacia spp. may be a result of different investments in the production of reproductive units and different natural reproductive success. All species showed low values of fruit set, but this was counterbalanced by the huge production of flowers that resulted in a large seed crop. The most aggressive invader, A. dealbata, had significantly more flower heads, and thus a higher natural reproductive success, that probably contributed to its invasiveness. However, some caution should be taken when interpreting these results because the study only involved one population in one year for each species. Nonetheless, field observations performed in different years support the conclusions obtained in this work.
